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INTRODUCTION. 
When the  different  investigations  on  membrane potentials  are  taken 
into consideration, it seems that the theory of these potentials may 
be  treated in  three different ways.  We may distinguish  (a)  phase 
boundary  potentials,  (b)  ndxed  electrode  potentials,  (c)  diffusion 
potentials. 
The first theory assumes that the potential difference of each side 
of the membrane against the adjacent solution consists of a  jump (a 
sudden, almost discontinuous fall or rise) of the potential at the bound- 
ary of two phases, the liquid being the one phase and the substance 
of the membrane acting as  solvent for electrolytes being the other. 
The differences in the tendency of distribution of each single kind of 
ion between the two solvents which are in conflict with electroneutraL 
ity, produce the potential differences.  This  theory, first  developed 
briefly by Nernst(1) and thereafter thoroughly elaborated theoretically 
and experimentally by Haber(2), has been applied to biological mem- 
branes by Beutner(3).  The latter author also found different models 
in which he assumes  the  same mechanism, and  at  the same  time, 
assumes that no essential part of the P.D. observed is produced within 
the membrane itself.  He could reproduce membranes the potential 
of which depends on the concentration of any cation dissolved in the 
adjacent solution, and does not depend only on the concentration of 
one particular ion, as is the case with metallic electrodes and with the 
glass membrane, at least in certain kinds of glass such as Haber and 
575 
The Journal of General Physiology576  STUDIES  ON  PER.MEABILITY  OP  M]~MBRANES.  I 
Klemensiewicz(4) used in their investigations.  Beutner's assumptions 
meet the following difficulties.  In general, it can  be  shown that  a 
membrane consisting of a  water-immiscible phase  and  behaving as 
a  solvent for  the dissolved substances,  cannot  give any appreciable 
"conconcentration effect,"  that  means: any  appreciable  P.D. when 
placed between two solutions of one electrolyte in different concentra- 
tlons(5).  In order to explain that such effects are brought about none 
the  less,  Beutner has  to  assume  that  in the oily phase  there  is  a 
small amount of a weak acid (e.g.  a  trace of salicylic acid in salicylic- 
aldehyde), which is  scarcely soluble in water, and  that such a  weak 
acid dissociates in the oil very strongly, like a  strong acid or a  salt, 
so that the reaction (written in terms of salts, not of ions) 
salicylic acid +  KCI ~  K  salicylate +  HC1 
will proceed amply in  the direction -%  while it is known that  this 
reaction  in  aqueous  solutions  practically  goes  on  only  in  the 
direction ~-.  This assumption is necessary for Beutner's theory, but 
the experience of the last decade does not at all confirm such a  be- 
havior of weak acids in oils. 
The second theory may be applied in such cases where the membrane 
has the character of an electrolyte-like substance  (e.g.  silicates, such 
as glass, permutit).  One of the ions of the membrane substance may 
be an inert or "colloidal" ion such as the silicate ion, while the other 
ion which happens to be combined with the silicate (e.g.  Na)  shows 
what  may  be  called  an  electrolytic  tension  towards  the  solution, 
like a metallic electrode.  This ion, which forms a  component of the 
solid silicate, may be partially exchanged for another ion present in 
the solution (e.g.  H+).  Then the silicate  behaves  like  a  mixed  Na 
and H  electrode.  The potential difference will depend on  the  kind 
and concentration of any such ions which are combined or are able to 
combine with the silicate in exchange for the ion originally combined 
with  the  silicate  ion.  Recently Horovitz  (6-8)  showed  that  this 
mechanism  holds  for  the  membrane  potential  produced  with 
certain kinds of glass. 
A  third  theory attributes  the  potential  differences produced  by 
membranes to the difference in the velocity of the single ions diffusing 
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change in  the  potential  at  the  boundary of  the  membrane but  a 
gradual change of the potential from the one boundary towards the 
other, as is the case with a liquid junction potential when two different 
electrolyte solutions are  in  direct  contact with each other,  and  by 
diffusion or convection a  zone of gradual transition between the two 
solutions is interposed.  So,  this third theory is  that  of a  diffusion 
potential.  In a previous paper(9) the theory of  such membranes as 
dried collodion or apple skin was developed on this basis. 
It does not follow that these three theories are contradictory to each 
other.  It may happen that two or even all three of these possibilities 
are  combined in  the  same  membrane.  For  instance,  Beutner will 
probably not exclude the possibility of a diffusion potential within the 
membrane when it is in contact with two different solutions at the two 
sides.  He only assumes that  this  diffusion potential plays  quanti- 
tatively a  negligible part in  the total observed potential difference. 
On the other hand, Baur(10)  endeavored to prove that  the diffusion 
potential plays the predominating part and the abrupt change of the 
phase  boundary potential may be neglected.  Cremer(ll), who was 
perhaps the first to emphasize the importance of these considerations, 
left it undecided which of these sources of potential differences plays 
the important r61e, emphasizing rather more the diffusion potential. 
The difficulty of the theory of diffusion potentials seemed to be that 
under any known condition the diffusion potentials, except the ones 
produced by adds of alkalis, are not great enough to give such a great 
effect as the membranes sometimes do.  The differences in the mobili- 
ties of the different kinds of ions, except H+ and OH- ions, are not 
sufficient.  We shall show, however, that in certain membranes these 
differences are enormously greater than the well known small differ- 
ences in aqueous solutions.  It was  the aim of the author  (9,12)  to 
show that for a membrane  such as collodion(12,d) the theory of diffusion 
potentials is sufficient to explain all known facts.  The theory Of mixed 
electrodes need  not  be  considered because  the  chemical nature  of 
collodion (and of some lipoid membranes, such as the wax in apple 
skin)  excludes this possibility.  The substance of this membrane is 
not an electrolyte-like material nor does it consist of a  cation and 
anion like a glass.  However, the question may be asked whether the 
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Now,  for the usual permeable collodion membrane with its  large 
pores, obviously the whole membrane effect is due only to these pores. 
There can be no doubt that in any of the well known dialysis experi- 
ments the dialyzing salts will go through the pores of the membrane 
and will not go through the substance of the collodion itself to any 
appreciable extent.  Again, the transition from the usual large pored 
collodion membrane to the  dried membrane is quite  gradual.  So it 
seemed most probable that the effect of the dried collodion membrane 
is due to the same mechanism as that of the usual collodion membrane. 
The dried membrane is to be regarded only as a practically obtainable 
limiting type of porous membrane with decreasing pore sizes. 
Since the so called Donnan membrane potential has played a  great 
part in researches on membranes in the last decade, it seems necessary 
to explain the relation of the Donnan potential to the different kinds 
of potential mentioned above.  The difference is the following.  All 
of the three mentioned theories attempt  to  trace the course of the 
potential from the one side of the membrane to the other.  Two of the 
theories assume a more or less abrupt change of the potential at each 
boundary  but  no  change  elsewhere.  The  other  theory assumes  a 
gradual  transition  of  the  potential  from  the  one  boundary  to  the 
other.  The total potential difference is made up by the sum of the 
single abrupt changes, or the integral of the single differential changes, 
according to the assumption.  The Donnan theory is not concerned 
at all with the course of the potential across the membrane; it only 
takes into consideration the difference between the two sides of the 
membrane, and it can be applied to any case where one kind of ion, 
which is present only on the one side of the membrane, is permanently 
not present on the other side.  Donnan stated as the necessary condi- 
tion for the possibility of such a  case occurring the non-diffusibility 
of one kind of ion across the membrane, i.e.  the lack of any mobility 
across  the  membrane.  However,  the  same  condition  may  be  the 
limiting case either for very low mobility of this particular ion in the 
membrane, or/or a  very low solubility of this ion in the membrane. 
In either case the liquid on the other side of the membrane remains 
permanently free from this particular kind of ion and the conditions 
of the Donnan equilibrium are fulfilled.  In such a case, where either 
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zero, there is an abrupt change of the potential at the boundary of the 
membrane.  However,  the  Donnan  theory  does  not  consider  the 
course of the potential at all, and it deals only with the difference of 
the potential between the two sides.  Neither does the Donnan theory 
concern itself with the mechanism of the impermeability of this par- 
ticular ion.  It holds at least for the limiting cases of two quite differ- 
ent mechanisms: insolubility and immobility.  In reality,  however, 
not only do the limiting cases occur, but also cases where either the 
solubility or the mobility of the ion in the membrane is only diminished 
and not completely abolished.  Thus our system includes the Donnan 
potential as a limiting case among different possibilities. 
It is also possible to develop the theory of the porous membrane 
upon the assumption of different  phases.  Certainly,  the solubility, 
the activity, the osmotic pressure of any dissolved substance, and the 
vapor pressure of the solvent, are different in the bulk of the solution 
from those obtaining within the capillary pores and  channels.  One 
could speak,  therefore,  of  a  coefficient of  distribution or partition, 
between the bulk and the capillary space, of any particular substance 
which is a  common component of both.  However, such an attempt 
would lead to great d~fSculties and is of no advantage whatever.  The 
capillary spaces should not be considered as phases separated by a 
sharp boundary from the bull phase, but one should rather conceive 
the capillary spaces as being analogous to  the surface layer of any 
phase in contradistinction to the bull.  Thus the entire surface of all 
the capillaries of  a  sieve-like membrane is an  enormously enlarged 
surface of the solution.  We emphasize this idea in order to avoid a 
discussion as to whether the theory of phase boundary potentials ought 
to be applied to sieve-like membranes. 
The problem of the potential differences produced by membranes 
between two solutions is closely connected with the problem of the 
permeability of  the membrane.  In  the various attempts to  apply 
the different theories to the selective permeability of the membranes 
of living cells,  the conception of a  lipoid membrane as a  solvent had 
been chiefly used, because of the influence of the well known studies 
of Overton.  Here the membrane was assumed to be a  homogeneous 
phase with sharply defined boundaries interposed between the inner 
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of the cell.  But since this theory was not satisfactory for every case, 
the idea of a mosaic membrane has been suggested by Nathansohn (13). 
This is  supposed  to  be  a  porous membrane, a  sieve consisting of a 
framework of a  lipoid  the pores of which are filled by an  aqueous 
solution.  Here we have the sieve-like membrane which only differs 
from the collodion membrane insofar as the  substance of  the frame- 
work is not quite inert but participates in the permeability for certain 
substances which are soluble in it.  In any case, in order to separate 
these two alleged effects of the mosaic membrane we must first study 
the effect of a  sieve membrane with an inactive framework in which 
the whole problem of permeability depends on the pores.  For that 
purpose the dried collodion membrane seems to  be the almost ideal 
model,  because no  other porous  membrane of  sufficient mechanical 
resistance (clay, etc.) can be obtained so easily with pores as small as 
in  collodion.  M.  Traube's  copper  ferrocyanide membrane  suffers 
from the lack of mechanical strength and requires always the presence 
of the membrane-forming substances, CuSO4, on the one side and Na 
ferrocyanide on the other.  This  complication makes it  almost  im- 
possible to study the properties of such membranes with those methods 
which proved the most suitable and simplest in the case of collodion 
membrane.  Collander(14) has recently made a very exhaustive study 
of  the  copper  ferrocyanide membrane. 
1.  The Problem of Direct Diffusion Experiments. 
In  a  series  of  experimental  studies  on  the  dried  collodion 
membrane (12,d, g, h, i) it has been shown that this membrane is con- 
siderably less permeable for anions than for cations.  A first attempt 
at a  theoretical treatment of the properties of such a  membrane has 
been made in a previous paper in this journal (9). 
The assumption of a  relatively small permeability for anions was 
founded at the outset of these studies upon the following interpretation 
of the E.~t.l~. of concentration chains.  When two solutions of one elec- 
trolyte in different concentrations are separated by a  dried collodion 
membrane, a potential difference is established which in the best cases 
reaches the theoretical maximum value of an ordinary concentration 
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pretation of this effect was the assumption that the anions are not, 
or at least are much less, mobile in the pores of the membrane than 
the cations.  Such an assumption must, of course, be proved by direct 
diffusion experiments.  These diffusion experiments are the subject of 
this  paper. 
In some of the previous papers (12, d, i) diffusion experiments have 
already been described which fairly well confirmed the assumption, 
but  these  experiments have  not  been  perfectly  satisfactory.  The 
d~f~culties  consisted  in  the  following  circumstances.  In  the  first 
place, when the membrane was made thick enough  to resist the mechan- 
ical strain in such an experiment, the time required to yield quantities 
of  the  diffused ions  sufficient for chemical analysis was  very long, 
weeks, even months.  Very often the membrane did not retain its 
original properties for such a long time, and many experiments were 
spoiled in  this way.  On  the other hand, when the membrane was 
made thin enough to allow a  sufficient diffusion in 1 or a  few days, 
the  lack  of mechanical resistance spoiled many experiments.  The 
membrane became leaky and  the leaks  could be  shown sometimes 
simply in the ordinary macroscopic way; sometimes the leaks were 
relatively small so that  they were not manifested macroscopically, 
but produced a  potential difference between two KC1 solutions, 0.1 
and 0.01  N, much smaller than the expected ma~mum value.  This 
value is, theoretically, as has been shown (9), 53 millivolts, and good 
membranes, give, in fact, a potential difference of 50 to 53 millivolts. 
Leaks not large enough to be visible macroscopically become manifest 
by a drop of this potental difference sometimes down to 25 millivolts 
or much less.  Nevertheless, selecting the good experiments, it could 
be shown, that HC1  diffuses against pure water across a  membrane 
extremely slowly,  while  HC1  and  KC1  exchange  cations  relatively 
quickly  across  the  membrane.  Other  arrangements  for  diffusion 
experiments gave similar results.  But  all of the results  so far ob- 
tained are only qualitative and not really satisfactory.  In order to 
obtain reliable results a kind of membrane had to be employed which 
was permeable enough to give a measurable amount of diffusion in a 
few days, and which, on the other hand, retained its great difference 
of behavior towards cations and  anions, and which also retained its 
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succeeded in obtaining the required kind of membrane by selection 
of a suitable kind of collodion and method of making the membrane. 
2.  The Method of Preparing and Standardizing  the Membrane. 
The general method of preparing this kind of membrane consists in 
pouring  some  solution  of  collodion  into  a  cylindrical glass  vessel, 
letting a film of collodion form adhering to the glass wall, permitting 
it to dry to a  certain degree, and then, in distinction to the way in 
which the ordinary collodion membrane is made, not to detach it from 
the wall by means of wetting it with water, but simply by means of 
forceps or the fingers.  The drying has to proceed rather far to allow 
this detachment.  The best way is to wait until the detachment begins 
spontaneously.  After the membrane has been pulled out of the glass 
vessel it must be dried further, for at  least a  day, in  the open air. 
Several variations in this method are possible and we shall describe 
the one which seemed the most convenient. 
When different kinds of collodion, even when dissolved in the same 
solvent  medium,  are  employed,  the  properties  of  the  membranes 
may vary to  a  great  extent.  The different samples of membranes 
made up from the same collodion solutions behave, though not com- 
pletely,  relatively  fairly  uniformly.  As  the  best  method  of  char- 
acterizing such  a  membrane the measurement of the potential  dif- 
ference between an 0.1  and an 0.01 ~r KC1 solution separated by the 
membrane may be recommended.  This may  be called the concentration 
potential or the Co P of the membrane (12, i).  This Co P depends to a 
considerable  extent  on  the  kind  of  collodion  used.  At  least  ten 
different samples of collodion were used, such as "parlodion,"  "com- 
mercial gun cotton No.  1,"  and several samples of nitrocellulose of 
different nitrogen content.  None of these gave really good results. 
Some of them gave at times membranes with a relatively high Co P, 
such as "gun cotton," but were so poorly permeable (which could also 
be shown by the very poor electric conductivity in an aqueous solu- 
tion of some neutral salt)  that they were useless for diffusion experi- 
ments.  Others had a  better permeability but had such a  low Co P 
(between 25 and 40 miUivolts) that the required specific properties of 
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fact, only relatively small differences in permeability for anions and 
cations.  For instance, an 0.1 N solution of HC1 did not diffuse into 
pure H~O across such membranes much slower than it did into a KCI 
solution.  The one sort of collodion which was found satisfactory for 
these purposes was "Celloidin-Schering."  Membranes may be made 
up either in a  flat form, which will be more fully discussed in a sub- 
sequent paper, or in  the  form  of  bags.  For  diffusion  experiments 
the bag form seemed to be preferable on account of the greater sur- 
face, though for many other purposes  the  fiat  membrane is prefer- 
able.  The following method turned out to be most suitable for the 
required purposes. 
5 gin. of commercial celloidin shreds, Schering, previously dried in 
the air or by short washing with absolute alcohol, are dissolved in a 
mixture consisting of 75  cc. of absolute alcohol and 25  cc. of anhy- 
drous ether.  The process of solution may require several days and 
is accelerated by frequent gentle shaking. 
Suitable tubes,  such as 50 cc. round bottom centrifuge tubes,  are 
filled with the above collodion solution,  permitted to stand covered 
until the air bubbles rise to the top and disappear,  after which the 
greater portion of the collodion is poured off leaving about 3  cc. in 
the tube.  This residual amount is  then  carefully distributed in  as 
uniform a layer as possible by slow rotation and warming in the palls 
of the hands.  Mter several minutes of such rotation and evaporation 
of the solvents, the tube is placed in a clamp in an inverted position, 
mouth downward, and permitted to drain.  As stated above, it is best 
to leave the tube undisturbed until the membrane begins to detach 
spontaneously from the glass.  This may require under various  at- 
mospheric conditions 2 to 4 hours.  The rim of the membrane is now 
cut with the point of a knife and it is removed by careful and gentle 
pulling.  Special care must be exercised not to exert too great a strain 
upon the bottom of the membrane, so as not to stretch it too much 
at that place.  At this point the membrane is still quite elastic, and 
the distortion due to the manipulation of detachment from the glass 
may be corrected by gently blowing into it several times during the 
next 5 to 10 minutes.  The bags are now placed upon a clean surface 
and allowed to dry in free air for about 1 or 2 days. 
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branes  show a  greater or lesser  degree of  shrinking and wrinkling. 
The wrinkling can be partially prevented by repeated blowing during 
the process of the drying.  The degree of this shrinking appears to 
depend upon the extent of drying previous to the removal of the bag 
from the glass tube, and upon the thickness of the collodion layer. 
As a  rule longer drying within the glass tube and the thinner layers 
yield the smoother membranes.  It may be noted, however, that  a 
moderate degree of shrinking does not impair a  membrane for the 
purposes described.  A  membrane which is entirely smooth is  as a 
rule not very resistant  to  mechanical strain.  On  the  other hand, 
strongly  shrunk  and  wrinkled  membranes  may  be  unserviceable 
because of lack of uniformity of shape and texture.  But the char- 
acteristic properties of permeability, conductivity, in a  given e]ectro~ 
lyte solution, and of the concentration potential seem to depend to 
only a  small extent upon the differences in the amount of shrinking 
and on the relative shape.  It is true that the degree of shrinking is 
not entirely without effect.  Recently Liesegang (15)  reported that 
collodion  membranes,  when  prevented  from  shrinking  during  the 
process of drying, are much more permeable than the shrunk ones. 
This fact has been known to the authors for a  long time, though it 
has  not  been  expressly  published,  since  the  interest  was  directed 
towards  obtaining  the  |~mlting case  of  membranes  with  the  nar- 
rowest pores possible.  It has also been known to  the authors, e.g. 
that a  collodion membrane made by impregnating a  filter paper bag 
(extraction shells of Schleicher and Schfill,  or simply filter paper)  is 
much more permeable than the membrane without a  skeleton, even 
when completely dried.  The Co P of such membranes never exceeded 
about  40  miliivolts.  For  that  reason  this  kind of  membrane was 
abandoned by the authors, though it may be useful for other purposes. 
A completely dried membrane is a  perfect electric insulator and is 
highly electrified by gently rubbing it against the hair.  Not being 
easily wetted by water, it retains its electric charge a very long time, 
even in a humid atmosphere.  This property of an electric insulator 
may be emphasized because it shows that the subsequently described 
properties of permeability and  electric conductivity are  due to  the 
pores and their contents and not to the chemical or physical nature 
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A  quantitative  expression  of  the  most  important  characteristic 
property of these membranes is obtained by measuring the concen- 
tration~potential (Co P) between an 0.i  N and an 0.01 N KCI solution 
separated  by  the  membrane.  A  suitable  arrangement  for  this 
measurement is shown in Fig.  I.  The advantage of KCI solutions is 
chiefly in  the lack of any diffusion potentials  against  the solutions 
of the calomel electrodes.  As was stated above the best membranes 
will show a  Co P  at room temperature of 50  to 55  millivolts,  This 
|  I 
N  Km  ~OKr~  10o 
FIo.  1. 
Co P may be reproduced on the same day for any membrane within a 
fraction of a millivolt, and within a  longer period of several days or 
even weeks, the Co P of the same membrane will not vary as a  rule 
more than 3 or 4  millivolts.  The best way of preserving the mem- 
branes is to immerse them in and fill them with distilled water. 
Although  the  electric  conductance  of  the  membrane  immersed 
in a  solution of electrolytes does not come strictly within the scope 
of  this  paper,  we  cannot  avoid  touching  upon  this  subject.  The 586  STUDIES  ON  PERMEABILITY  OF  MEMBRANES.  I 
resistance of such a  system is different, of course, in the direct and 
alternating currents for well known reasons.  The resistance which 
interests us from the standpoint of the permeability of the membrane 
for ions is the ohmic resistance to a direct current, since the magnitude 
of the conductance in a  given electrolyte solution is in the sense of 
Nernst's theory a certain function of the di~usibility of the ions. 
The conductance of a membrane may be approximately measured 
in the following simple manner using the arrangement shown in Fig. 1. 
The entire system is first made up omitting  the membrane,  filling the 
beaker with 0.01  N KC1.  Now the potential difference of the system 
between the electrodes should be equal to zero.  Being assured that 
such is the case, we establish by means of the potentiometer a certain 
potential  between the  electrodes of  such magnitude  as  to  produce 
currents of a  given strength, e.g. 1.5  X  10 -7 amperes.  The current 
intensity is measured by means of the galvanometer, the sensitivity 
of which had  been  established  by  previous  calibration.  From  the 
current intensity, I, and the applied E.M.F., read from the potentiom- 
eter,  the resistance, R,  may be  easily calculated using the equation 
I  =  E.M.F./R 
For instance, with our Leeds and Northrup enclosed scale and lamp gal- 
vanometer, a  deflection of ten lines on the scale indicated a current of 
1.5  ×  10 -7 amperes.  The resistance of the whole system without the 
membrane with a  0.01  N KC1 solution in the beaker was about  3000 
ohms.  On inserting the membrane this resistance was increased by 
600  to  8000  ohms or more, depending upon its relative  smoothness 
and  thickness. 
It was surprising to find that such relatively high conductance was 
compatible  with  such  highly  pronounced  specific influence on  the 
relative mobilities of the cations and anions.  To produce such differ- 
ences in the mobilities, as are described later in this paper, we must 
assume extremely narrow pores.  The high conductance of the mem- 
brane  indicates  that  the  number of  these fine pores  must  be  very 
great.  Thus,  for instance,  for membranes prepared from a  certain 
brand of gun cotton and which yielded about  the  same Co P  effect, 
the resistance, under the same conditions, was found to be enormously 
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the  number of  pores  was  correspondingly  smaller,  while  the  size  of 
the pores upon which  the  Co P  depends  is probably the  same.  On 
the  other  hand,  we  have  observed membranes prepared  from other 
kinds  of  coUodion,  e.g. parlodion,  yielding  much  lower Co P  values 
(about 25 to 30 millivolts) with a higher resistance than in the celloidin 
membranes.  Such membranes probably have larger but fewer pores. 
Hence the usefulness of our celloidin membranes is probably due to a 
large number of very fine pores.  The size of these pores is apparently 
within  the  size  order  of  larger  single  molecules,  for,  as  shown  in  a 
previous  paper  (12),  non-electric  molecules  in  which  hydration  and 
electric charge do not play an appreciable rble, diffuse through these 
membranes at a  rate corresponding to their size.  For instance, urea 
diffuses relatively readily, while the sugars do not diffuse at all,  and 
with  aliphatic  alcohols  the  rate  of  diffusion  decreases  rapidly  with 
increasing molecular size. 
3.  Methods of Analysis. 
The methods used were: Potassium was determined by the method of Kramer 
and Tisdall (16) which was slightly modified for our purposes as follows:  After 
suitable evaporation the whole or an aliquot portion of the solution containing 
about 0.3  to 0.05 mg. of K  in a volume of 2 cc. was precipitated with an excess 
(2  cc.)  of the  cobalti-nitrite reagent,  centrifugalized after standing  for several 
hours,  the  precipitate  collected on  a  small asbestos filter,  and washed on  the 
filter several times with a dilute (approximately 0.01 ~) magnesium sulfate solu- 
tion.  This solution was used to prevent the colloidal dispersion  of the precipitate 
which occurs on washing with distilled water.  The asbestos mat and precipitate 
were quantitatively removed to a small flask and titrated with N/50 permanganate 
and oxalate in the presence of an excess of sulfuric acid as given in the original 
method.  Frequent checks showed that with this procedure we could determine 
with an accuracy of about 2 to 5 per cent analogous quantities of K  in known 
solutions of KC1, in the presence or absence of the other salts used in our experi- 
ments. 
The chloride  ion was determined by the well known Mohr method using  the 
following  procedure.  Since  the amounts to be determined were almost always 
extremely small,  the  solutions  were cautiously  evaporated to  dryness  and  the 
residue dissolved  in 1 or 2 cc. of a  10 per cent K~CrO4 solution.  (The chromate 
solution  had  been previously treated  with  a  little  AgNOa  solution  to  remove 
traces  of  chloride present,  and  after standing  for  a  day  or  2,  filtered.)  The 
titration was carried out with N/100 AgNO3 solution using mieroburette with a 
fine tip.  The end-point of the titration, the first  appearance of  a  clear  brown 588  STirDIES  ON  PERMEABILITY  OF  ~EMBRANES.  I 
tint, is best observed when  the titration is performed  in a  white porcelain dish 
or in a  glass vessel standing directly on a white surface.  The 'excess of AgNO8 
necessary to produce this perceptible red brownish shade was found to amount, 
under these conditions, to about 0.02 to 0.05 cc. (a small drop) of the 0.01  N solu- 
tion,  which  amount  must  be  subtracted  from  the  titration figure. 
4.  The Diffusion Experiments. 
Several groups of experiments were carried out as follows: 
I.  0.1 •  KC1  against Hg.O Table I, A. 
O. I  x¢ KNOB  "  0.1 ~  NaC1, Table I, B. 
0.1~KC1  "  0.1~NaNO3,  "  I,C. 
II. The same experiments were carried out, but in this case each membrane 
was used  for repeated diffusion experiments with increasing periods of time of 
diffusion.  The solutions outside and inside the collodion bag were renewed at 
the end of each period, Table II, A and B. 
III. In Table III are detailed experiments using the same salts as above but 
in much higher concentrations, 0.5-1.0 ~r. 
IV.  Three  experiments were  carried out  in  which  the  membranes  separated 
0.1  M electrolyte solutions with  the cation (K  +)  in common but with different 
anions (CI- and NOa-), as shown in Table IV. 
V.  Table V shows a series of experiments in which the molar concentrations of 
the two electrolytes separated  by the membrane were deliberately chosen in the 
ratio 1 : 5 with the chloride having the higher concentration.  In this arrangement 
the 1,.D. of the Na  + solution against a K + solution is almost completely abolished, 
as will be more fully explained in the discussion of the results. 
VI.  The experiments detailed in Table VI are presented to show the effect of 
low Co P  values of the membranes and also to show that some kinds of collodion 
are not suitable for the purposes of approaching the characteristics of an ideal 
semipermeable membrane for ions.  The membranes used in Series I  to V were 
prepared for Celloidin-Schering, whereas the membranes used in this series were 
made from other commercial brands of nitrocellulose. L.  MICHAELIS  AND  W.  A.  PERLZWEIG  589 
TABLE  I. 
A.  Diffusion of 0.1 u  KC1 against Hg3 
Membrane 
No. 
Co P  of membrane 
Before  [  After 
s3.8  I 
i  42.0 
51.5 
49.8  46.7 
Time of 
diffusion 
hf$° 
24 
42 
7O 
7O 
Diffused amounts 
[  cl 
mob X  10"t 
2.0  4.8 
1.6  3.5 
5.6  5.1 
3.6  3.2 
Ratio K:C1 
0.4 
0.5 
1.1 
1.1 
Diffused 
K per day 
(24 hrs.) 
nttgs ×  10t 
2 
0.92 
1.3 
1.2 
B.  Diffusion of 0.1 ~ 1~'0, against 0.I ~ NaCI 
53.0 
37.5 
52.0 
49.2 
52.0  54.3 
47.5  54.3 
50.2 
20.2 
48.5 
24  9.1  1.8 
42  23.8  3.2 
24  20.3  2.0 
42  36.4  3.0 
44  91.6  1.8 
44  59.6  1.5 
92  11.0  1.0 
120  35.0  1.0 
120  16.4  1.9 
5 
7 
10 
12 
51 
40 
11 
35 
9 
9.1 
13.6 
20.3 
20.8 
20.7 
11.5 
2.9 
7.0 
3.3 
C.  Diffusion of 0.I x  KCI against 0.! u NaNO, 
1  53.0  24  3.6  0.8  5  3.6 
2  53.5  42  6.1  0.6  10  3.5 
3  53.5  51.2  70  13.8  1.4  10  4.7 
4  53.5  50.0  70  65.5  4.9  13  22.5 
In Series A, where KC1 diffused against pure water,  the diffused amounts  of 
K + and  C1- are extremely small and,  within the experimental error, equivalent 
to each other. 
In Series B  and  C, where the membrane separated  two electrolyte solutions, 
the amount of K + diffused is much higher, and the ratio of diffused K+:C1  -  is 
within the range of 4 to 20. TABLE  II. 
Progressive Diffusion Experiments with 0.1 N Solutions. 
A.  KCI against NaNOa 
Membrane 
No. 
Co P of membrane 
Before  After 
51.5 
51.0 
52.4 
53.7 
52.7 
52.2 
37.0 
48.8 
52.7 
Time of 
diffusion 
days 
3 
6 
12 
3 
6 
12 
2 
4 
8 
12 
2 
4 
8 
12 
2 
4 
8 
12  47.4 
B.  KNOB  against NaC1 
1  51.0 
Diffused amounts 
x  ]  cl 
reals X  lO-a 
1.6  <1 
3.3  <1 
7.2  1.7 
4.6  <1 
10.8  1.7 
24.2  7.4 
14.2  1.8 
31.0  3.2 
70.0  8.0 
94  13.2 
6.6  1.2 
15.0  1.2 
33.0  2.6 
50.0  5.1 
11.6  2.4 
23.4  5.2 
59.0  13.9 
96.0  16.0 
Ratio K: Cl 
m 
6.6 
7.5 
9.7 
8.8 
7.0 
5.5 
12.5 
12.7 
10.0 
5.0 
4.5 
4.2 
6.0 
53.1 
50.2 
41.0 
46.5 
41.0 
3 
6 
12 
2 
4 
8 
12 
2 
4 
8 
12 
14.3 
32.2 
67.0 
11.6 
25.0 
56.0 
85.0 
28.3 
63.5 
150 
214 
4.3 
3.2 
9.2 
1.2 
1.5 
2.6 
5.2 
5.6 
9.4 
30 
52 
3.3 
10 
7 
10 
16.6 
21.5 
16.3 
5 
6.6 
5 
4.1 
In this series each membrane was used for a number of successive experiments, 
with progressively  increasing  diffusion  time.  Again,  the  value  of  the  ratio  of 
diffused K: C1 approaches about 10, sometimes remaining almost the same in the 
successive experiments, sometimes with a  tendency to an increase followed by a 
decrease in the ratio. 
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TABLE  Ill. 
A.  Diffusion of 0.5 g  KCI against HK) 
Membrane 
No. 
Co P of membrane 
Before  I  Mter 
54.6  I  50.8 
55.0 
! 
Time of  [  Diffused amounts 
diffusion 
K  I  Cl 
krs.  tools i  lO'-e 
20  1.0  0.8 
92  21.5  18 
Ratio K:CI 
1.2 
1.2 
B.  Diffusion of 1.0 u  KC1 against H20 
4  46.3  216  1.13  1.62"  0.1 appr. 
C.  Diffusion of 0.5 x  KCI against 0.5 u  NaNOs 
51.8 
54.6 
42.5 
42.6 
37.2 
45.2 
51.7 
51.2 
50.8 
20 
92 
360 
120 
120 
120 
120 
8.5 
13.8 
160.0 
31.0 
37.0 
84.0 
96.0 
7.0 
7.0 
155.0 
23.5 
40.4 
62.5 
58.0 
1.2 
2.0 
1.0 
1.3 
0.9 
1.3 
1.7 
In the above experiments with 0.5 or 1.0 u  solutions instead of 0.1 ~  the ratio 
of diffused K+: C1- is decidedly lower, being approximately the same whether the 
diffusion takes place against water or another electrolyte. 
* Analysis uncertain. 
TABLE  IV. 
Diffusion of Anions Only. 
Diffusion of 0.1 ~  K.NO, against 0.1 ~  KC1 
Membrane 
No.  Co P of membrane 
before  after 
51.5  49.7 
51.2  51.0 
51.2  39.6 
Time of diffusion 
days 
12 
12 
12 
C1" 
mM 
0.0048 
0.0068 
0.400 
Experiments 1 and 2 show the extremely slight amount of C1 ion diffused in a 
period as long as  12  days.  Experiment 3  shows that  a  much  larger  amount 
of C1 ion diffuses when the character of the membrane has been impaired as shown 
by the relatively large drop in the Co _P to 39.6 miUivolts. 592  STUDIES  ON  PERMEABILITY  OF  MEMBRANES.  I 
TABLE  V. 
Diffusion  of 0.05  ~r KN03 against  0.25 M NaCI  (No P.D. between  the Separated 
Solutions). 
Membrane 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Co P  of membrane 
beyore  afur 
52.4  54.3 
50.3  52.4 
50.6 
49.3  47.8 
52.4  54.3 
48.6  47.2 
46.0 
57.0  41.5 
56.5  39.5 
50.3  37.2 
52.0  24.8 
51.0  23.5 
Time 
diffusi, 
hrs. 
196 
196 
24O 
196 
196 
t96 
144 
144 
196 
144 
)f 
~n 
Diffused amounts  Ratios 
K  I  CI 
tools X  10  4 
81  6O 
47  8.0 
52.2  3.2 
25  9.6 
81  60 
34.2  22.0 
14.8  0.5 
5.0  1.5 
7.6  1.1 
48  124.0 
7.3  2.0 
15.7  14.9 
1.4 
5.9 
16 
2.6 
1.4 
1.6 
30 
3.3 
7 
0.4 
3.7 
1.00 
K: CI  UK÷: VCI  o 
7 
30 
8O 
13 
7 
8 
150 
16 
35 
2 
18 
5 
Though the concentration fall of chlorine is five times as great as that of potas- 
sium, the amount of diffused K + is always greater than that of  CI-, except in 
experiment No.  10.  The last column shows the mobility ratio of K + and CI-, 
referred to the same concentration gradient.  This ratio is always greater than 1. 
The exceptionally high value in No. 7 may be due to an error in the particularly 
low amount of C1-.  The experiments are arranged according to the Co P values 
after the experiments.  However, the figures of the last column do not follow the 
same order.  It should be noticed that the Co P  of  many membranes became 
much  smaller after  the  experiment, showing that  the  character  of  the  mem- 
branes are somewhat changed during the diffusion.  This may explain the differ- 
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TABLE  VI. 
Diffusion Experiments with "Gun Cotton" Membranes of Lower Co P  0.I u  KNOa 
against 0.1 M NaCl. 
Membrane 
No. 
Co P of membrane 
Before  [  After 
18.5 
30.7 
23.3 
26.5 
29.0 
28.7 
26.5 
22.5 
23.0 
26.1 
22.5 
23.1 
Time 
days 
8 
8 
8 
8 
8 
8 
Diffused 
K+  I  CI- 
mo/s X 10t 
7.3  7.1 
87.0  46.9 
9.3  8.3 
35.0  19.4 
10.0  6.2 
64.0  32.8 
K+:CI- 
1.0 
1.9 
1.1 
1.8 
1.6 
2.0 
The same with "parlodion" membranes 
20.0  7 
8 
9 
10 
11 
21.5 
16.6 
19.1 
24.3 
23.8 
8 
26 
26 
26 
•  26 
1.94 
2.6 
13.5 
15.8 
23.3 
2.3 
2.6 
8.4 
9.0 
14.0 
1 
1 
1.6 
1.7 
1.7 
This table shows, that in membranes characterized  by  a  low Co P  (probably 
due to a larger pore size), the K: C1 ratio approaches 1 and that the specific effect 
of the membrane on the mobilities of cations and anions disappears. 594  STUDIES  ON  PERMEABILITY  OF MEMBRANES.  I 
Discussion  of the Diffusion Experiments. 
It can be seen from the above tables that the diffusion of an electro- 
lyte (KC1 in Table I, A) is slower across the membrane into pure H~O 
than  into  another  electrolyte  solution.  Though  the  membranes 
are not uniform enough as to thickness and other properties to permit 
an  exact  quantitative  comparison  of  experiments  with  different 
membranes, still it can be seen from Table I, that on the average the 
amount of K + diffusing per day is much less in A  than in B  or C. 
This comparison indeed is not very reliable on account of differences 
in  thickness and  other properties of individual membranes.  How- 
ever,  what  is  certain  is  the fact  that  the  amount of diffusing C1- 
corresponds to the amount of K + in the diffusion against water (A), 
whereas it constitutes but a  small fraction of the K + in the diffusion 
against another electrolyte (C).  In Table I, A, the amounts are so 
extremely small, that an exact agreement of the analyses cannot be 
expected.  The error of the methods in these very small ranges tends 
always to yield high values for C1-.  In any case the order of mag- 
nitude for the K/C1 ratio is 1: 1, whereas this ratio in B and C is on the 
average 10:1,  varying from 7:1  to 50: 1.  Only in two experiments 
in  which particularly  small  amounts  had  to  be  analysed  the  ratio 
came down to 5:1.  Here the error of the method may depress the 
value, and even if it does not, the ratio 1: 1 is far from being reached. 
Special  attention  should  be  drawn  to  the  experiments shown  in 
Table II, A.  Here every membrane.was used in a series of successive 
diffusion experiments with the same combination of electrolytes (KC1 
against NaNO3)  lasting for progressively increasing periods.  First it 
can be seen that Membrane 2, for example, in which the Co P dropped 
in  the  course of  the  experiments from  51  to  37.0  miUivolts,  gives 
relatively low ratios for the diffusion of K and C1, dropping down to 3, 
while the membranes with a higher and more stable Co P  give ratios 
of about 7 to 12.  In general, within the limits of error, this ratio is 
approximately the same, though not quite exactly so.  It seems that 
these irregularities are greater than the limits of error in the analyses, 
and  that  the regularity and  reproducibility of these experiments is 
not perfect. 
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KNOB against NaC1 in Table II, B.  In general, the amount of potas- 
sium diffusing seems to follow a straight line plotted against the time, 
whereas the chlorine diffusing shows decidedly less regularity.  This 
may  be  partially  due  to  the  greater  difficulty in  the  quantitative 
determination of these minute amounts of chlorine,  but  we believe 
this is not the sole factor. 
All of the above experiments were carried out with 0.1 M solutions. 
In higher concentrations this effect becomes less and less pronounced. 
So in Table III, with 0.5 M solution of KC1, the amounts of K + and C1- 
diffusing are approximately equivalent to each other, both when the 
diffusion  takes  place  against  H~O  and  against  a  0.5  ~  solution  of 
NaNO3.  It may be  recalled  that  in  such  high  concentrations  the 
P.D. between two  KC1  solutions  of different concentration vanishes 
(12, i), to which problem we will refer in a later communication. 
The experiments shown in  Table IV in which the cation on both 
sides  of  the  membrane is  the  same,  but  the  anions  are  different, 
demonstrate  that  the  anions  diffuse  with  extreme  slowness,  even 
though the possibility of exchange is present.  Membrane 3  of this 
series,  the  only one  through  which  a  much larger  amount  of  C1- 
diffused, shows at the same time a considerable drop in its Co P during 
the experiments, while Membranes 1 and 2 maintained their original 
properties as evinced by only small change in their Co P  values. 
A special discussion is required for the experiments shown in Table 
V.  Here an 0.05  ~  KNO~ solution was diffusing against five times as 
concentrated  a  solution  of  NaC1.  Thus  the  gradient  of  the  C1- 
concentration across the membrane was five times as great as that of 
the K + ions.  None the less, the amount of diffused K + is higher than 
that of C1-.  If we assume that  the velocity is proportional to  the 
driving force, the specific velocities of K+ and CI- can be calculated, 
in  relative  terms,  by dividing the diffused amount  of C1-  by five. 
Thus we obtain the ratio of mobility of C1- and K + shown in the last 
column of Table V.  The reason for carrying out this kind of experi- 
ment was the following.  In the other experiments with equal con- 
centrations of KNOB and NaC1,  a  potential difference is established. 
Any solution of a K salt shows a P.D. against any solution of an Na salt 
in equal concentration across the membrane, which in the best mem- 
branes reaches about  50 mill/volts  (12,  d).  Now,  the driving force 596  STUDIES  ON  PERMEABILITY  OF  MEMBRANES.  I 
in the movement of a  single species of ion  through  the membrane is 
the algebraic sum of the driving force resulting from the concentration 
difference of this ion on  the  two sides of the membrane  and  of the 
force of the electric field.  It is not only the concentration fall which 
determines the rate of diffusion.  Since the side with the Na solution 
is  positive,  there  is,  beside  the  osmotic  force,  an  additional  force, 
which is directed for positive ions from the Na solution towards the 
K  solution  and  for negative ions in  the  opposite direction.  There- 
fore, when the concentration  fall for K  ions from left to right  is the 
same as the concentration fall for C1 ions from right to left, the total 
driving force is different for K  and for C1 ions.  The K  ions are re- 
tarded, the C1 ions are accelerated by the electric forces.  The specific 
mobility of an ion is its observed speed of movement divided by the 
driving  force.  But  since  the  driving  force is  complicated,  the  cal- 
culation is all,  cult.  The ratio of observed diffusion for K + and  C1- 
does not  represent  the  ratio  of  the  specific mobilities of  these ions. 
Now, by a  suitable arrangement  in the concentrations  of the K  and 
Na  salts,  the  conditions  can  be made  such  that  practically  no  P.D. 
arises  between  the  two  solutions.  This  is  the  case  when  the  con- 
centration of the Na salt is about five to ten times as great as that of 
the  K  salt.  The  exact ratio necessary to bring about the complete 
abolition of the P.D. depends on the individual P.D. of a  K-Na chain 
with  the  particular  membrane.  But  for  a  ratio  of  concentrations 
1:5  the ~.D. is in any case so low, that  the electric force is negligible 
in comparison with the osmotic force.  In fact, the P.D. in the arrange- 
ment  of  the  experiments  of  this  series,  Table  V,  was  measured  in 
several cases and found never in excess of a few (0.5 to 2.0) millivolts, 
whereas the same membranes, when interposed between a NaC1 and a 
KNO3  solution  in  equal concentrations,  showed  a  P.D. of  40  to  50 
millivolts  according  to  their  individual  properties  and  in  agreement 
with  the  earlier  findings with  KC1-NaC1  chains  (12,  d).  Therefore, 
the  driving  force causing  the movement  of the  Cl-ions  may  be set 
simply five times as great as the driving force for K +.  It is probable 
that the figure five is not quite correct, because neither osmotic pres- 
sure nor activity is exactly proportional to the concentration.  How- 
ever,  these  deviations  are  certainly  within  the  ranges  of  the  other 
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In this way, the "specific mobility" of K + and CI-, or at least the 
ratio of the two, is calculated in the last column of Table V.  It may 
be emphasized  that  these ratios hold only for the conditions of this 
experiment, since the specific mobility of an ion within the membrane 
depends  greatly  on  the  conditions,  especially on  the  concentration, 
to a much greater extent than it does in a free aqueous solution. 
SUMMARY. 
The theoretical aspects of the problem of sieve-like membranes are 
developed. 
The method of preparing the dried collodion membrane is described, 
and the method of defining the property of a  particular membrane is 
given.  It consists of the measurement  of the Co P, that is the  P.D. 
between an 0.I and an 0.01 M  KCI solution separated by the membrane. 
Co P is in the best dried membranes 50 to 53 millvolts,  the  theoreti- 
cally  possible  maximum  value  being  55  ~flHvolts.  Diffusion  ex- 
periments  have  been  carried  out with  several arrangements,  one of 
which is, for example, the diffusion of 0.1 ~  K-NO3 against 0.1 ~  NaCI 
across  the membrane.  The  amount  of K +  dififusing  after a  certain 
period  was in  membranes  with  a  sufficiently high  Co  P  (about  50 
ndllivolts or more) on the average ten times as much as the amount of 
diffused CI-.  In membranes with a  lower Co P  the ratio was much 
smaller,  down  almost  to  the  proportion  of  I:I  which  holds  for  the 
mobility of these two ions in a  free aqueous solution.  W-hen  higher 
concentrations  were  used,  e.g. 0.5  M solution,  the  difference of  the 
rate of diffusion for K + and  CI- was much smaller  even in the best 
membranes,  corresponding  to  the  fact  that  the  P.D. of  two  KCI 
solutions  whose  concentrations  are  i0: I  is  much  smaller  in  higher 
ranges  of concentration  than  in lower ones. 
These  observations  are  confirmed  by  experiments  arranged  in 
other ways. 
It has been shown that, in general, the diffusion of an anion is much 
slower than  the one of a  cation across the dried collodion membrane. 
The  ratio  of the  two diffusion  coefficients would be expected  to  be 
calculable in connection with the potential difference of such a mem- 
brane  when interposed  between these  solutions.  The  next  problem 
is to show in how far this can be confirmed quantitatively. 598  STUDIES ON  PERMEABILITY  017 MIEMBRANES.  I 
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